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TECHNICAL NOTE NO . 

AN INVESTIGATION OF AIRCRAFT HEATERS 

SXE - NOCTURNAL IRRADIATION AS A FUNCTION OF AITITDDE 

AND ITS USE IN DETERMINATION OF HEAT 

REQUIREMENTS OF AIRCRAFT 

By L. M. K. Boelter, H. Poppendiek, G-. Young, 
and J . R . Andersen 

SUMMARY 


Nocturnal radiation as used herein is atmospherio radiation 
excluding solar radiation. In the absence of radiation from, the sun, 
only long-wavelength radiation exists in the atmosphere because of the 
range of temperatures present on the earth and in the atmosphere. 

Thus nocturnal irradiation is defined as irradiation c omin g from 
gases, clouds, and dust iu the atmosphere and from the earth's 
surface . 

This report contains generalized radiation charts for the 
calculation of the irradiation from -water vapor, carbon dioxide, 
ozone, and the earth in terms of the appropriate parameters. Thus 
for a given set of meteorological data (temperature, pressure, and 
relative humidity as a f met ion of altitude and an earth temperature), 
the nocturnal irradiation from above and below upon a horizontal area 
can be obtained as a f motion of altitude. These values of irradiation 
may then be used to ma he a heat-rate balance upon the area. One set 
of meteorological data is used as a typioal example and is given in 
complete detail. The nocturnal irradiation as a f motion of altitude 
for three sets of meteorological data is presented to establish 
possible limiting cases of nocturnal irradiation. 

Previous work, dealing with heat-rate balances on airplanes, 
personnel, and inanima te objects, simplified the radiation components 
as follows . The water vapor and carbon dioxide were postulated to be 
perfect transmitters, and the sky temperature was postulated to be at 
absolute zero- In the present report a heat-rate balance that both 
neglects and considers nocturnal radiation is made for a heat-transfer 
system. The errors involved in neglecting this radiation are discussed. 

A discussion of the radiation charts available in the literature 
is given in an appendix. 
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INTRODUCTION 


The radiant -energy exchange between an airplane and Its 
surroundings (atmosphere and earth) at night as a function of altitude 
is important- In order to complete a heat -rate balance upon an airplane. 
The radiant energy falling upon a horizontal differential area dAp at 

any elevation, is composed of three parts: (l) radiation from gases in 

the atmosphere above the horizontal area, (2) radiation from gases in 
the atmosphere below the horizontal area, and (3) the fraction of the 
radiation from the earth which has been transmitted through- the 
atmosphere below. 

Nocturnal radiation has been an important problem in the field of 
meteorology. Simpson (reference l) in 1928 showed that the problem 
may be treated as follows. For clear nights the important radiating 
gas in the atmosphere is water vapor. By knowing the absorption 
properties of the water vapor, the amount of radiant energy incident 
on the ground originating from the atmosphere could be calculated. 

Mo Her and Mugge (reference 2) later developed a radiation chart 
based on this system which gives the nocturnal irradiation upon an 
area, from above and below, as a function of altitude. Elsasser, 
Andersen, and Ashburn (references 3 to 5) also presented similar 
radiation charts which are based on more recent absorption data of 
water vapor, and Elsasser and Ashburn accounted for the carbon-dioxide 
contribution to nocturnal radiation. The gaseous radiation obtained 
by each of these analyses consists in summing the radiation coming 
from each infinitesimal layer of gas and transmitted through the 
intermediate layers of gas . The absorptivity (or emissivity) of a 
gaseous layer is a function of concentration, temperature, pressure, 
and wavelength. 

Andersen's method (reference 4) of determining nocturnal 
irradiation at the ground has been extended in this paper to determine 
gaseous radiation at various altitudes. Andersen's method, as shown 
In appendix B, applies to a system Including radiation from water 
vapor only, excluding the effect of carbon dioxide and ozone. In 
order to calculate the nocturnal Irradiation on an area, as a function 
of altitude, Andersen's procedure has been somewhat modified to 
account for carbon-dioxide radiation and absorption. A more direct 
method is presented for the determination of the radiation from the 
earth tran smi tted through the atmosphere. .Ozone radiation at high 
altitudes has also been considered. (See section entitled "Carbon- 
dioxide and ozone radiation.") Generalized charts (see appendix A 
and figs- 1 to 5) are presented to facilitate the determination of 
gaseous radiation and radiation from the earth transmitted through 
the atmosphere . The procedure used to obtain these generalized 
charts Is also presented. A typical example giving the nocturnal 
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irradiation falling upon "both, sides of a horizontal area as a function 
of altitude for a given set of meteorological data and a given earth 
temperature is presented to illustrate the utility of the method. 

The results of nocturnal irradiation upon a horizontal area from 
above and belov for a very humid atmosphere and for a very dry 
atmosphere are given to establish possible limiting cases . lor 
comparison, the nocturnal irradiation ms computed by using Mo Her 
and Miigge 's chart, Elsasser's chart, and Ashbum *s chart for one of 
these atmospheric conditions . A discussion of these methods is also 
presented in appendix B. 

The authors wish to express their gratitude to Dr. f. A. Brooks 
and Mr . E . H • Mbrrin for their many suggestions and to the Messrs . W . 
Elswick, T- Sanders, and M. Greenfield, who helped with the long and 
tedious calculations , 

This work was conducted at the University of California under 
the sponsorship and with the financial assistance of the National 
Advisory Committee for Aeronautics . 


IDEALIZED SYSTEM 


The following ideal system has been chosen because it presents 
an approach to the actual system and because it is one which can be 
treated analytically without great difficulty. The actual system 
will be described first and then the idealized system, thus making 
evident the simplifications. Nocturnal radiation includes: (l) radiation 
from all radiating gases (water vapor, carbon dioxide, ozone, etc.) present 
in the atmosphere, (2) radiation upward from the earth which has been 
transmitted through the atmosphere, and ("3) radiation from the dust of 
the atmosphere. The radiation from a gps in the atmosphere is a 
function of the gas temperature, gas pressure, gas density, and the 
gas absorption characteristics. The gas absorption characteristics 
may vary slightly depending upon the presence of other gas components. 

The emissive power of the earth's surface is a function of the earth's 
surface temperature and spectral emissivity. The spectral emissivlty 
and temperature of the earth's surface will vary depending upon the 
locality • 

Clouds exist in the atmosphere and act as radiation shields and 
ideal radiators. The temperature, pressure, and gas -density distri- 
butions of the atmosphere are transient. These distributions change 
principally as a result of the variation of the solar radiation during 
a 2h-hour period. 

The idealized system is a simplified version of the actual system. 

The radiating gases of the simplified system will be limited to water 
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vapor, carbon dioxide, and ozone. A cloudless and dustless atmosphere 
will be postulated. Empirical expressions of the absorption coeffi- 
cient of water vapor for values of V from 0 to 584 cent ime ters "- 1 - 


and from 752 to 00 centimeters"^* (\ = oo to 17 «1 microns and 
13 *3 to 0 microns) ^ as a function of temperature, pressure, moisture 
content, and wavelength are used. Carbon dioxide is considered to 
have a perfect absorption band from v = 584- to 752 centimsters" 1 
(X = 17*1 to 13*3 microns). At high altitudes, ozone (see section 
entitled "Carbon-dioxide and ozone radiation") is considered to have 
a strong (cty = l) absorption band from v = 975 to 1150 centimeters"- 1 - 


(X = 10.25 to 8.7 microns). Absorption characteristics of gases have 
been determined without the presence of other gaseB. It will be 
postulated that the absorption characteristic of a given gas will 
not change when other gases are presents (See table I.) 


Eor a given locality an average earth temperature is used. The 
resulting generalized ourves are expressed in a range of average 
earth-surface temperature. The earth will be postulated a gray 
body . (A gray body is defined as one which absorbs the same fraction 
of the incident radiant energy in all wavelengths, or one which has a 
constant spectral emissivity (absorptivity) in all wavelengths.) The 
meteorological data used in making nocturnal-radiation” calculations 
are transient data . The idealized system is a steady-state system, 
and all the analytical expressions given are for a radiant system in 
the steady state . 


TTrom a search of the literature, it appears that many writers 
prefer to use wave number V rather than wavelength X 

v = jail: = £ 

X c 

where X is wavelength in microns, V is wave number in centimeters7' 1 ', 
c is velocity of light in centimeters per second, and_ f is frequency 
of vibration in cycles per second. Table I gives the postulated 
absorption characteristics of the various gases as a function of 
both V and X . 
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As illustrated in the preceding diagram the irradiation from above 
and below upon a horizontal area may be used to obtain the irradiation 
upon an airplane flying in a horizontal position. The irradiation 
falling upon the area from above is composed of water -vapor and 
carbon-dioxide radiation. The irradiation on the area from below is 
composed of water vapor, carbon dioxide, and transmitted earth 
radiation. At altitudes of 10,000 feet, ozone radiation from above 
will be considered. 

The results of calculations presented in this report are, of 
course, subject to experimental verification. 


METHOD OE CALCULATION 


In order to calculate the various components of irradiation upon 
the differential area indicated in the preceding section as a function 
of altitude, the following radiosonde data are required - pressure, 
temperature, and relative humidity as a function of altitude. "With 
these data, values of hQ are calculated as a function of altitude 

in the manner shewn in the next paragraph. (Eor definitions of 
symbols, see appendix C.) The function h^ is defined as the 

effective water-vapor content in the atmosphere up to any altitude z 
and is defined as follows: 
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hi = i r ife dz . i p z 
^ p B Jo u ' 73 V 1 Jo 


■where 

P pressure at any altitude z from radiosonde data, pounds per 

square inch 

T temperature at any altitude z from radiosonde data, °K 

p density of vater vapor at any altitude z calculated from 

radiosonde data, grams per cubic centimeter 

p density of water at atmospheric pressure and temperature 

8 of 4° C, 1 gram per cubic centimeter 

z altitude, centimeters 

} 1 q effective moisture content } subscript zero Indicates reference 

altitude is at the ground, centimeters 

When the values of P, T, and h^ as a function of altitude are 

known, the five components of irradiation can readily be obtained by 
employing the generalized charts. (See appendix A and figs. 1 to 5*) 
Detailed procedures for obtaining these radiation components will be 
given in succeeding paragraphs . _ 

Calcu la tion, of the function h^ . - Prom the radiosonde data, 

temperature, and relative humidity, the partial vapor pressure is 
calculated. With the values of the partial pressure and the equation 
for an ideal gas, 

P = 0 .015| (2) 

where ^ . 

p water-vapor density, grams per cubic centimeter 

p partial vapor pressure, pounds per square inch 

T absolute temperature, °K 
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the moisture density is obtained as a funct ion of altitude. Then by 
the nomograph (fig. 6 ) the quantity ^^ 3 \J P is obtained as a 


function of altitude. 


Finally, values of 
)z 


are obtained by 


graphically integrating 
rule (reference 6 ) . 


Jo 1 


~ dx, or by using Simpson's 


G E 2 0 , above and 


Water-vanor radiation .- The gaseous irradiation upon a horizontal 
differential area at any altitude has two vat er -vapor components, that 
from above G^o, above 3114 that from telov ^O, below* Both 

G_ _ , , are obtained as follows: The water 

EgO,below 

vapor is postulated to be an ideal radiator (see references 1 and 4) 
at wave numbers of 0 to 300 centimeters -4 and 1200 to 00 centimeters 4 , 
and the irradiation due to water vapor, above 8114 ^B^O , below* a4 

these wave numbers are thus a function of temperature only. The chart 
in figure 2 gives these values of irradiation as a function of 
temperature of the atmosphere adjacent to the differential area. The 
irradiation, 0 a ^ ore and below* 4ue to water vapor at wave 

2 ^ ■» *1 
numbers of 300 to 58 ^ centimeters - - 1 - and 752 to 1200 centimeters - 
(l = 33*3 to 17-1 microns and 13*3 to 8 . 311 - microns) upon a differential 
area at any altitude are obtained by plotting the values of T 

and hi on the water-vapor radiation chart in figure 1. (See also 
Z P 

appendix A.) The integrated area under the curve is the water -vapor 
radiation at these wave numbers- Since G^o, above 3114 ^EgO, below 

are equal, the only difference between G^o, above 3114 ^ 0 , below 
is due to the difference of G^ atoTe and <^ 0>1)eloir because 


^EgO, above “ G H 2 °>ab° Te + G E 2 ° > 3 " boTe 
^gO, below = ^O, below + below 
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The value of hi 
Z P 


Is defined "by 


hz p ( z ) = 


ho(z) ' ho(zp) 


(3) 


where the vertical lines signify absolute values. The function h' (z) 

P 

is the effective moisture content measured either upward or downward 
from the differential area situated at- the altitude Zp. 

Carbon-dioxide and ozone radiation .- The two carbon-dioxide 
components, Gc0 2 ,above and G-C0 2 ,below> are e l ljlal at ^ altitude, 

since carbon-dioxide radiation is postulated to be perfect in its 
absorption band. (See appendix A.) The carbon-dioxide radiation 
chart in figure 3 gives the irradiation due to carbon dioxide from 
either above or below (g C 0 2 , above or G C0 2 ,below) > as a fraction of 

the air temperature Immediately adjacent to the differential area. 

Thus, when the temperature of the air is known as a function of the 
altitude, this chart can be used to obtain ^cOg, above and - & C0 2 , below 

at any altitude. — 


The ozone component is neglected below. altitudes of 40,000 feet 
from whence the ozone radiation chart (fig- 5) is used. This chart 


gives %^ aboTe and 


as a function of temperature. 


Ozone radiation becomes important at high altitudes because relatively 
large quantities of the gas are found there (water-vapor and carbon- 
dioxide content are small) • Ozone has two absorption bands; one 
extends from v = 650 to 750 centimeters -1 and the other from 
V = 975 to 1150 centimeters" 1 . The ozone absorption band in the 
region V = 650 to 750 centimeters -1 coincides with one of the 
absorption bands of carbon dioxide which has been postulated an 
ideal radiator so that radiation occurring in the region has already 
been taken care of. The spectral emissivity of the absorption band 


in the region from V = 975 to 1150 centimeters" 1 will be postulated 
to he €y = 1. The method of obtaining ozone radiation upon the 


area <3A at any altitude is the same as that for carbon dioxide . 


Radiation from the earth . - The earth component reaching the 
horizontal area 1 b obtained directly from the earth radiation chart 
in figure 4 when the temperature of the earth and h^z ^ are known. 
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Thus the irradiation upon a differential area at any altitude due 
to -water -vapor, carton dioxide, ozone, and the earth is obtained from 
the following relations: 


( 4 ) 


^below ^gO, below + ^COg, below + ^earth + below (5) 


The determination of the nocturnal irradiation may be simplified by 
a system of tabulation. See the example given in the following section. 


APPLICATION 


The nocturnal irradiation upon a horizontal area as a function 
of altitude is obtained by the previously mentioned method for three 
different sets of meteorological data. Radiosonde data, furnished by 
the Weather Bureau of the United States Department of Commerce, were 
obtained for (l) a clear mild night at Dallas, Texas; (2) a clear, 
hot, and moist night at Phoenix, Arizona; and (3) a clear, cold, and 
dry night at Barrow, Alaska. 

The calculations for the second set of meteorological data (for 

clear, hot, and moist weather) are presented here in detail to _ 

illustrate the method of calculation. For si 1. three a tmo spheric 
conditions the radiosonde data and the results are tabulated and 
shown graphically. For the clear moist night of Phoenix, Arizona, 
results were also obtained by using Mo'ller and Mugge 's radiation 
chart, Elsasser's radiation chart, and Ashburn's radiation chart. 

The results and comparison are discussed in appendix B . 

Following the method of calculation previously described, the 
nocturnal irradiation as a function of altitude was calculated as 
follows for a clear, hot, and moist night at Phoenix, Arizona. 

(l) Tabulate the radiosonde data and then the corresponding 
values of z in feet, P, p sa ^. (see tables H and III), and p (all 

in lb/sq. in. abs.); p in grams per cubic centimeter (note equation (2)); 
the function (see fig. 6); and, finally, 

shown in table TV • 


as 
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(2) Plot - the function 
(fig* 7)* 


P—r^- — \/-222. against z 

14*73 V f 


in centimeters 


(3) Using Simpson's rule, obtain h^(z), defined by equation (l) 
as a function of altitude in the manner shown in table V . 


(4) Plot h^ (cm) and T (°C) as a function of z (ft). (See 
fig. 8.) When values of h^ (cm) and T (°C) as a function of z (ft) 

are known, the irradiation upon a differential area at any altitude due 
to water vapor (in the spectral regions, V = 0 to 300 cm -1 and 1200 to 
“ cm" 1 , or X =• oo to 33*4 microns and 8.34 to 0 microns), carbon 
dioxide, and the earth may be obtained directly from radiation charts II, 
III, and IY (figs . 2 to 4) • For. the irradiation at any altitude due to 
•water vapor in the regions, V = 300 to 584 centimeters -1 and 752 to 
1200 centimeters -1 (X = 33*3 to 17*1 and 13*3 to 8.34 microns), the 
following procedure is convenient.- 


(5) Tabulate the function h^ , obtained by equation (3), as 
shown in table YI. 


(6) Plot the values of and T (°C) of this table onto 

radiation chart I (fig- l) • The areas under the curves yield the 
last radiation component, - G^-q, as a function of altitude; a typical 


example of radiation chart I is exhibited in figure 9 where 



above 


and Gw A , , for 
HgO, below 


5000 feet - are the areas under the two 


curves. The areas are easily obtained by Simpson's rule . The results 
of 1 these calculations for the nocturnal irradiation as a function of 
altitude are shown in table VII and figures 10 and 11. Similar 
calculations were made for a clear, cold, and dry night at Barrow, 
Alaska, and for a clear and mild night at Pallas, Texas. The 
radiosonde data and the corresponding nocturnal irradiation for 
these cases as a function of altitude are shown in tables VIII to XI 
and in figures 12 and 13 • 


DISCUSSION 


Figures 11 to 13 demonstrate that nocturnal irradiation from 
above and below upon a horizontal differential area varies greatly 
with altitude. For example, the nocturnal Irradiation from the 
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gases above varies from 113 Btu/(hr) (sq. ft) at the ground to 
25 Btu/(hr)(sq. ft) at an altitude of 30,000 feet (meteorological 
data II) • These values may be compared with the solar radiation 
■when the sun is at the zenith which may be 200 Btu/(hr)(sq. ft) . If 
more accurate heat -rate balances can be made by considering the 
effect of nocturnal irradiation, a better estimate of the heating 
requirement of an airplane will result. The following illustration 
serves as an example only. 

Consider an airplane flying in Alaska near the ground. Using 
the meteorological data TTT , a heat-rate balance can be written for 
the upper ‘surface of the airplane wing, both excluding and considering 
radiation. It is desired to calculate the surface temperature and the 
heat loss per unit area when the temperature inside the wing is 
maintained at 60° IT; 



The following are the postulated conditions: 
z altitude taken near ground 

T a outside air temperature, -12° 3T 

TjL air temperature inside wing, 60° IT 

upper-wing-surface temperature 


v 


G 


above 


w 


unit thermal convective conductance between wing and outside 
air, 10 Btu/(hr)(sq. ft)(PF) 

unit thermal convective conductance between wing and i n side 
air, 1 Btu/(hr)(sq. ft)(?F) 

nocturnal irradiation from above, 37 Btu/(hr)(sq. ft) 
wing-surface gray-body emissivity, 0 -5 



12 


NACA TN No . 1454 


The heat -rate balance excluding atmospheric radiation is (see 
reference 7) 

A = f c i ( Ti “ tw ) = f °a C tw “ T& ) 
l(60 - + 12) 

t^ = -5*45° F 

j = 65.5 Btu/(hr) (sq. ft) 


The heat-rate balance considering atmospheric radiation is 

A = - ^v) = " T( 0 + 6, w cr (^v + " e w®above 

l(60 - t w ) = 10^+12) + 0-5 X 17-3 X lO-lO^. + 460)4 _ 0.5(37) 

^ = -7*5° V 

j = 67.5 Btu/(hr)(sq ft) 


The difference in q/A amounts to 3 percent in this case. 

The relative humidity for the preceding data was very high 
(90 percent). If the data had been taken during a dry day, Gr a -j 30ye 

would have been much less . Also some areas of the airplane may have 
unit thermal convective conductances less than 10 Btu/(hr) (sq f t ) ( c $’ ) 
depending upon the location of these areas and the air velocities 
over them. Thus for these two conditions the deviation between heat 
loss, considering and excluding nocturnal radiation, may exceed 
3 percent. 

Badiation may be a very important component in making a heat- 
rate balance upon an airplane standing on the ground. The limiting 
values of the skin temperature may be determined by the methods shown 
in this report for night and day conditions (when the sun is shining) . 
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Figures lk and 15 show a comparison of nocturnal irradiation as a 
function of altitude by the various radiation charts found in the 
literature. (See appendix B.) The results agree fairly veil -with 
those obtained in this report. The discrepancies may be due to the 
following considerations: 

(1) MSller and Miigge did not have the latest vater-vapor 
absorption data available and neglected carbon-dioxide radiation. 

(2) Elsa^ser's water-vapor absorption data are essentially the 
same as those used in this report. However Flsasser, in obtaining 
the filtered earth radiation, used the artifice of postulating that 
the earth was an infinitely thick layer of water vapor at the 
temperature of the earth, as did Moller and Mugge and Ashbum. 

(3) Ashbum 's method differs from the one used in the present 
report in that Hottel and Mangelsdorf ' s water-vapor absorption data 
were used. 

For areas other than horizontal the following valueB for 
nocturnal irradiation are suggested: 



Further considerations of irradiation on areas that are not 
horizontal can be obtained in reference 8. 
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CONCLUDING- REMARKS 


A study was made of nocturnal irradiation as a function of 
altitude -with, the following results: 

1. The atmospheric-radiation charts obtained may he used to 
evaluate a more complete heat-rate balance on airplanes . 

2. It was found that ' nocturnal irradiation from above and below 
decreases greatly as a function of altitude. The nocturnal- irradiation 
results for several sets of meteorological data are presented to 
establish possible limits of nocturnal irradiation. 


Department of Engineering 

University of California 

Berkeley, Calif., October 10, 1944 
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APPENDIX A 

NOCTURNAL RADIATION CHARTS 


For the determination of the atmospheric nocturnal irradiation 
as a function of altitude, five charts have teen prepared. The 
principles upon ■whioh the charts are based are as follows: The 

atmosphere is post ulat ed to he composed of uniform layers at constant 
temperature and of constant vater— vapor and carton -dioxide content. 
Ozone has teen considered previously in the section entitled "Carbon- 
dioxide and ozone radiation. " The emissive power of each isothermal 
layer is defined by the relation, 

E = ^“Ev IV = r%vB v (T) dV (Al) 

U 0 Jo 


Upon examining the absorption spectrum of the radiating gases in the 
atmosphere (water vapor and carbon dioxide), very strong absorption 
bands are seen to exist in various regions. In the regions V = 0 

to 300 centimeters -1 and V = 1200 to 00 centimeters -1 , water vapor 
is postulated to radiate as a perfect radiator; that is ev the 

spectral emlssivity, is unity. (See Andersen's report (reference 4) 
for the justification of this postulate.) Carbon dioxide has a very 
strong absorption band at the region V = 5^4 to 752 centimeters 1 
and is also postulated to radiate as a perfect radiator. (See 
reference 3 . ) Thus e v the spectral emlssivity of the isothermal 

layers is also unity for V = 584 to 752 centimeters -1 . In the 
regions V = 300 to 5^4 centimeters -1 and V = 752 to 1200 centimeters 
water vapor is post ula ted to have the absorption characteristic^ in 


which Ky = v 23^73 VT suggested by Elsasser (references 9 

and 10) from the examination of experimental data. The spectral 
eml ssivity e v in these regions is y dh'. (See the following 

paragraphs for the definitions of Ky and E^ v ^) The spectral 
emlssivity €y of the earth's surface is also postulated to be unity. 


The irradiation upon a differential area from either the earth's 
surface or a layer of gas with a nonabsorbing intervening medium may 
be found from the following considerations. 
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r ^ <— dr — » 



In the preceding diagram the monochromatic radiant energy incident 
upon dAj_ originating from surface 2 is, by the definition of ig v 

(see reference 8) 



ig v cos 0 dA}_ dfl dv 


or 


3 ig v cos 0 cos 0 dA-]_ dAg dV 

° ,2 


d^q. 


(A2) 


dn 



cos 9 


where 
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Since 


dA£ = 2itr dr 


r = l sin 0 


l d 0 
dr 


cos 0 


and since the gaseous layers and the earth 's surface are diffuse 
surfaces, or 




. it 


equation (A2) becomes 


> 1 = V COB 0 sin 0 30 dAq dV 


(A3) 


If the intervening space contains an absorbing medium, then by 
Beer 's law. 


E, 


2,V 


- E I,v e 


-/ 


E(v,p,P,T) 6.1 


(.Ah) 


where K(v,p.P,T) is the absorption coefficient defined by 
equation (A^), the radiant energy originating from surface 2 incident 
upon the differential area dA-j_ is 




>1 = 2«B,V 


cos 0 sin 0 d0 dA^ dV 


3 
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or 


3 o " J K(v,p,P,T) dZ 

d J a = 2E e ° cos 0 sin 0 <10 dA n <jy (A5) 

^2— >1 2,V 1 v " 


Since the atmosphere is postulated to act as a "black body 
except in the spectral regions of V = 300 to 5®^- centimeters -1 
and V = 752 to 1200 centimeters” 1 , information concerning the 
absorption coefficient K(v,p,P,T) is needed only in these wave 
numbers. Data on the absorption coefficient K(v,p,P,T) of -water 
vapor in these spectral regions as a function of wavelength, con- 
centrations, pressure, and temperature were analyzed by Elsasser 
(references 9 and 10). He proposed the following equations: 


E (V,P,P,T) ai - K^v wtjiiW - *b,v 


ah' 

COS 0 


(A6) 


where 


*b,V = 


75.000 
(V - 200)* 


(A7) 


and 


dh ' = 


P 

1^-73 



P 

1^-73 



p dz 


— <-£■ — \ /300 p cob 0 dZ 

I4T73 V T 


(A8) 


"When these empirical equations for the absorption coefficient of 
water vapor in the spectral regions of V = .300 to 5&b centimeters 1 

and V = 752 to 1200 centimeters” 1 are used and the postulate that 
the atmosphere acts as a black body in the remainder of the spectrum 
is employed, equation (A5) may be easily modified to give the 
nocturnal irradiation upon a differential area as a function of 
altitude with the radiant energy originating either from the gases 
in the atmosphere or from the earth 1 s surface . 



In order to obtain the nocturnal Irradiation due to the gases only (from above 
equation (A5) is modified and integrated as follows: 



’h' 0581). n*/2 


' hz p =o Uv=3OOU0=o 


2B2,v(T)Ko, v 0 


— i— [ Xq 
cos 8J 


V ^ 


sin Q d9 dv dh^ 


JVi 


diizi 


175= |>*ip/>« °of*/= ~Si1J 

+ I B v (Ti) dV + / / 2Bg V (T)K^ v e 

1584 ' Jo Jv=752ue=o ' ' 



or below). 


sin 9 &9 dV dh 7 
z p 


(A9) 
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When. 


8 


dfi _ _ /* 581*. px/2 _ — 1 

^-1 / 


Z'b.v < 


ein 0 d0 dV 




p UV=300 U0=O 


equation (A9) becomes 


J 11200 ft*/2 — i— / L u dhL 

/ 2Bv(T)K^ v e 003 0 ^ ' P Bln 0 dfi dv 

V=752 Je = 0 ’ 


gaaes— >1 aA 


‘Vital . r b..( T i ) « + /S5j£^ t f 752 ^ 


av 


10 *% 1J58IJ. 




dV 


(AlO) 


(All) 
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In order to obtain the nocturnal Irradiation upon dAj_ at altitudes above the ground 
due to the earth, equation (A5) is modified and integrated as follows: 


k/e 


earth — >1 


d/ 1 ■ 


1 0=0 UV=300 


1 . ■ 2 a in 9 cos 9 e 

earth 


cob 9 


A, 


.. dhr, 

V z p 


d9 dLV 


k/2 01200 
+ f 1 

19=0 U v =752 


earth 


2 sin 0 cob 9 e 


cob 9 




dh 7 


P d9 dV 


(A12) 


where and e Q is postulated as unity. The radiant energy leaving the 

earth at the other wave numbers is Immediately absorbed by the water vapor and carbon dioxide, 
for these gases act as a black body at these wave numbers. 

Of the five radiation charts mentioned, only four are used to obtain the nocturnal 
irradiation for altitudes up to 40,000 feet. 

dG H 2 0 , 

- - - Qnd h 2 


Radiation chart I.- The ordinates and abscissas of chart I (fig. l) are 


dh' 


dG Ho0 . . dG HpO 

where — r=- is defined by equation (AID). The curveB shown are the relations between 


dh ZT 


and h z at constant temperature or , , 

P \ dh„ 


*v 


dhzp 


against h Zj) . Thus by plotting the variation 
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of T (°C) and h z with altitude of a particular atmosphere, the 

dG ^0 

chart yields the relation — ~~ against h z for the system. The 


area 


under the curve G^q gives the nocturnal irradiation due to 


the water vapor in the atmosphere in the spectral regions of 
v = 300 to 584 cent ime ters and V = 752 to 1200 centimeters"^-, 
■which is the sum of the second and third integral of equation (A9) 
or the second integral of equation (All) • 


Radiation chart II .- Chart U (fig- 2) gives the relation of 

n 300 n 00 

/ By(T) dv + I-J20Q < 3 - v = ^^O as a f unc 'ki aQ °f T * 

Therefore, hy knowing the temperature adjacent to the differential 
area dAp the nocturnal irradiation from the atmosphere in these 

spectral regions is immediately obtained. 


Radiation chart III .- Chart III (fig. 3) gives the carbon-dioxide 


contribution 
(See equations 


g co 2 = 


■l 


752 


584 

(A9) and (All).) 


B V (T) dV, as a function of temperature . 


Radiation chart 17 .- Chart IV (fig. 4) gives the relation 
of Q-parth >1 (see equation (A12)) as a fimction of Tearth 
and h^^Zp^. Thus by knowing the latter two variables, the earth's 

radiation contribution is easily obtained. This chart does not give 
the correct value of G- ear th f° r ^0 ( z p) ~ ° ( equation (A12)). 

The value of G- eartil for h^z^ = 0 is ^garth ( einisslve power 
of the earth) and is equal to the sum of Gg^o (T earth ), G C0 2 ( T earth)> 
and G'earth >1 as obtained from radiation chart 17 • 


Radiation chart Y .- This chart (fig. 5) is discussed in the 
section entitled "Carbon-dioxide and ozone mediation." 
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APPENDIX B 

A DISCUSSION AND COMPARISON "WITH PREVIOUS METHODS OF 
OBTAINING- NOCTURNAL ATMOSPHERIC RADIATION 

Moller and. Miigge (reference 2) developed, a radiation chart for 
the following ideal system. The radiating gas in the atmosphere is 
water vapor only. The atmosphere is a series of isothermal and 
constant-vapor-cohtent differential layers, and the earth is replaced 
by a.. layer of gas of Infinite thickness. The fundamental equations 
of Moller and Miigge for gaseous radiation in the atmosphere and their 
methods of integration are the same as those presented in appendix A 



Earth’s surface 


f 

T earth f “ 
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except for the absorptivity data . Although they recognized the 
equation for heat transfer between two flat surfaces with an absorbing 
medium, they developed. a radiation chart for this system which 
considers the earth as an infinitely thick layer of water vapor. 

Elsasser (reference 3) developed a similar radiation chart 
using more reliable recent water-vapor absorption data, and accounted 
for the carbon-dioxide radiation by means of the postulate that the 
carbon-dioxide radiation acts as a black body at certain wave numbers . 

Andersen (reference k) presented a radiation chart for the 
nocturnal atmospheric radiation incident— upon the ground which 
considers water Tapor only. This chart will also yield the water- 
vapor radiation upon a surface at levels above the ground, but it 
will not give the earth component filtering through the water 
vapor . 

Ashbum 's radiation chart (reference 5) is also s imi lar to that 
of Moller and Miigge . Ashburn's method differs from Mo Her and Miigge 's 
and Elsasser 's methods in his choice of water-vapor-absorption data 
and his method of Incorporating the carbon-dioxide contribution to ' 
the radiation. Ashburn used Hottel and Mangelsdorf 1 s water- vapor- 
absorption data (reference 11) . 

The methods of Moller and Miigge, Elsasser, and Ashbum were used 
to calculate the nocturnal radiation for the aforementioned atmospheric 
condition for a clear, hot, and moist day in Arizona. These results 
are presented in table IH and are compared with the method presented 
in this report in figures 14 and 15 • In the calculations of nocturnal 
irradiation employing the charts of Moller and Miigge, Elsasser, and 
Ashburn, the function hQ is obtained as suggested by El sasser in 

reference 3 where the water-vapor-absorption correction \l — £ — is 

• „ VlOOO 

used instead of — \/322.. Thus 
14.73 V T 

dh-) = p\ — 2 — &z = — \l —? ■ — dP 

^ V 1000 g V 1000 


where 

hQ effective moisture content (see equation (l)), centimeters 

g acceleration of gravity, ~ 1000 centimeters per second 2 

w ratio of water vapor to air density from radiosonde data, grams 

per kilogram _ _ 

A comparison of h^ as a function of altitude calculated by Elsasser 's 
and Andersen's methods is given in-figure 16. 
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* APPENDIX C 
SYMBOIS 


A 


*1 

A£ 

B y (T) 

B 2,v^ 


c 

E 

E earth 


=v 


E, 


2,V 


E, 


■2,V 




G 

G co 2 


area of heat transfer perpendicular to direction of heat 
flow, sq. ft 

area of irradiated surface, sq. ft 
area of radiating surface, sq. ft 

monochromatic black-body emissive power, Btu/(hr)(sq[ ft) (cm. - -*-) 

unattenuated monochromatic black-body emissive power of area A ? , 
Btu/ (hr) (sq. ft) (cm -1 ) 

speed of light, 2-998 x 10 10 cm/sec 

total emissive power, Btu/(hr)(sq. ft) 

emissive power of earth, Btu/(hr)(sq. ft) 

monochromatic emissive power, Btu/(hr)(sq. ft) (cm -1 ) 

monochromatic emissive power of area Ag, Btu/(hr)(sq. ft) (cm -1 ) 

unattenuated monochromatic emissive power of area Ag, 
Btu/(hr)(sq. ft)(cm -1 ) 


frequency of vibration, cps 

unit thermal convective conductance between wing and 
outside air, Btu/(hr)(sq ft) (®F) 


unit thermal convective conductance between wing f»nri 
inside air, Btu/(hr)(sq ft)( c E) 

total nocturnal irradiation, Btu/(hr)(sq. ft) 

irradiation from carbon dioxide in atmosphere, 

*752 > 

B V (T) dV , Btu/(hr)(sq ft) 

' 58 ^ 


G earth > 1 = G earth ' irradiation from earth reaching area A 1? 

Btu/(hr) (sq. ft) 
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G 


gases- 


gas 


irradiation from atmospheric gases reaching 
area Btu/(hr) (sq ft ) 


G-ZqO 


total irradiation from water vapor in atmosphere reaching 
area A^, Btu/(hr)(sq ft) 




irradiation from atmospheric water vapor in spectral 
regions of V = 300 to 584 cm - - 1 - and 752 to 
1200 cm - ^-, Btu/(hr) (sq. ft) 


irradiation from atmospheric water vapor in spectral 


regions of V = 0 to 300 
Btu/(hr)(sq ft) 


cm -1 . 


am - - 1 - and 1200 to 



irradiation from ozone in atmosphere, Btu/(hr)(sq ft) 


A subscript "below" or "above" is appended to all these G-'s to 
indicate whether the energy irradiated upon the horizontal area Aj_ 
is coming from below or from above the area . 


g 

h 



K(v,p,T,P) 


*0,V 


l 

P 

P 


irradiation defined by equation (6), Btu/(hr)(sq ft) 

acceleration of gravity, cm/sec 2 

height expressed in terms of moisture content of 
atmosphere, cm precipitable water 

effective moisture content of atmosphere, cm 

effective moisture content; subscript zero -indicates 
that the reference altitude is at the ground, cm 

effective moisture content; reference altitude is z , cm 

monochromatic surface intensity of emission of area Ag, 
Btu/(hr)(sq ft) (steradian) ( cm - - 1 -) 

absorption coefficient defined by equation^(A4) , cm -1 

absorptlon coefficient defined by equation (A7), cm - - 1 - 

di stance, cm and ft 

atmospheric pressure, mb and lb/sq in* 7 
partial pressure of water vapor, lb/sq in._ 
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®sat 

q. 

r 

T 

T 

earth 

t v 


w 

% 


•P 

e earth 
e w 

e v 

0 

X 


V 

P 


a 


T a , ' T i 

a 


saturated pressure of water vapor, lb/sq. in- 

rate of heat transfer, Btu/hr 
radius, cm and ft 
temperature, °C and °E 
earth temperature, °G 

temperature of wing surface, 

ratio of water vapor to air density, grams /kg 

altitude, cm, m, and ft 

reference plane or altitude of horizontal area A-^, 
cm, m, and ft 

monochromatic absorptivity 
angle, radians 

mean emissivity of surface of earth 
wing-surface gray-body emissivity 
monochromatic emissivity 

angle, radians 
wavelength, microns 
wave numbers, cm - - 1 - 
water-vapor density, gram/ cm^ 

density of water at atmospheric pressure and temperature 
of k° C, 1 gram/cm? 

Stef an -Boltzmann 's radiation constant, Btu/(hr) (sq. ft) (°R^) 
air temperature outside and inside wing, °F 
solid angle, steradians 
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TABIE I 


POSTULATED ABSORPTION CHAHACTKRISIICS OF THE ATMOSPHERE 


Wave 

number, 

V 

(cm - l) 

Wavelength, 

\ 

(microns) 

&V = e v 

Water 

vapor 

Carbon 

dioxide 

Ozone 

0 to 300 

eo to 33.4 

1 

0 

0 

300 to 584 

33-^ to 17.1 

e v = a % jV ah’ 

0 

0 

58b to 752 

17-1 to 13-3 

0 

1 

0 

752 to 975 

13.3 to 00.25 

e v = ®o,v 311 ' 

0 

0 

975 to 1150 

00.25 to 8.7 

«v sI 0 ,v r 

0 

b x 

1150 to 0200 

8.7 to 8.31). 

— *b,V 

0 

0 

1200 to » 

8.3^ to 0 

1 

0 

0 


a See appendix A for definition of ^ 


dh 1 


°Ab indicated, in the text, at high altitudes ozone becomes important. At hi$a altitude G- . will 

9DOY0 


he the sum of G-, 


Og, above' ^COg, above' ^HrjO, above" 




co 
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TABLE H 


SATURATION PRESSURE OF WATER VAPOR AS A FUNCTION 
OF TEMPERATURE 



17 and references 32 and 





Temperature 

(°F) 

Temperature 

(°c) 

Vapor pressure 
(in. Hg) 

Vapor pressure 
(Tb/sq. in. abs.) 

-60 

-51.11 

0 .00101 

0 .0005076 

-55 

-46.33 

.00143 

.000718 

-50 

-45.56 

.00200 

.0031)05 

-45 

-42.78 

.00277 

.001393 

-40 

-40.00 

.00380 

.001932 

-35 

-37-22 

.00520 

.002615 

-30 

-34.44 

.00701 

.003525 

-25 

-31.67 

.00946 

.00476 

-20 

-28.89 

.0326 

.00633 

-15 

-26.11 

.0168 

.00845 

-BO 

-23.33 

.0221 

.0112 

-5 

-20.56 

.0290 

.01458 

0 

-17.78 

.0377 

.OI896 

5 

-15 .00 

.0489 

.0246 

10 

-32.22 

.0630 

■0317 

15 

-9-44 

.0807 

.0406 

20 

-6.67 

.1028 

.0517 

25 

-3.89 

.1304 

.0656 

30 

-1.11 

.1645 

.0827 

— 

0 


.0886 

— 

5 


.1265 

— 

10 


.1780 

— 

15 


.2471 

— 

20 


•3386 

— 

25 


.4581 

— 

30 


.6132 

— 

35 


.8126 

— * — 

40 


1.0661 




TABLE HI 


BOCOTHHAL ZHRADIATBDII BCE H2CBQBOLOCHCAC. BATA H BT KUHITBO ME3HDD3 


||ee flffi. 14 rad 13 .] 


Altltnifl 

^atoyo 

0 ^ , 

H5fl,toloV 

°earth 

a below 

(ft) 

(Btn/(hr)(Bq. ft)) 

(Btn/(hr)(ai ft)) 

\Btu/(hr)( 0 <i ft)) 

(Btu/(hr)(si ft)) 

With Mollor and WEgga 'b ahar-t (reference 2) 

0 

131-0 

0 

169 

169 

3,000 

117.8 

114 

44.9 

158.9 

5,000 

IO 6.5 

113-2 

38.2 

131.4 
146 -5 

10,000 

80.3 

112.8 

33-7 

15,000 

6 D .5 

103 -0 

32.6 

135-6 

20,000 

42.? 

95*1 

30.6 

125-6 

30,000 


^.3 

27-7 

113-0 

With E-sosaer ’a chart (reference 3) 

0 

106.2 

0 

155-5 

155-5 

3,000 

g2.8 

90.5 

63-4 

153-9 

5,000 

10,000 

64 *0 

94.2 

93-2 

56.6 

48.4 

130-8 

l4l.6 

15,000 

47.9 

&J .9 

44.6 

132-5 

00,000 

36.3 

82.4 

43-3 

125-7 

30,000 


73-2 

42-4 

115-6 

With Ashbnm'e dhart (reference 5) 


0 

117.7 

0 

153-2 

153-2 

3,000 

109.3 

102-6 

48.0 

150.6 

5,000 

100-0 

102-3 

44.1 

146.4 I 

10,000 

83.2 

92.4 

41.5 

133-8 

15,000 

66.5 

8l .2 

40.5 

121.7 

20,000 

52.0 

71-5 

40.2 

111. 7 

30,000 

**“*■*•■* 

56.5 

39-2 

95-7 


W 


I 
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TABES 17 


BAEI060HBS MJEA. AHD GAICDMmar OF P TDK 

MEJtOROmGIDAL DATA H (K)3HT AJfflOaEHSM) 

[aoo fig. 7] 
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TABLE Y 


THE FUNCTION AGAINST z FOE METEOROLOGICAL 

DATA II (MOIST ATMOSEHEEE) 


[*See fig. S ,T| 


Alt It Tide, 
z 

(cm) 

p p \/asa 

14-73 V T 

(cm) 

(a) 

Altitude, 

z 

(ft) 

0 X 10 3 

b n.oo x 10 " 6 

■0 

0 

4 o 

5.80 



80 

4.05 

•51 

2,625 

120 

3.24 



l6o 

2.72 

•774 

5,249 

200 

2.32 


240 

1.93 

•96 

7,874 

280 

i -75 


320 

1.43 

1.098 

10,500 

360 

1.20 



400 

1.00 

1-193 

13,130 

44 o 

.80 



480 

.64 

1.258 

15,750 

520 

•50 



560 

.42 

1.300 

18,370 

600 

•35 


64 o 

.28 

1.328 

21,000 

680 

•23 


720 

.18 

1-345 

23,620 

760 

•15 



800 

.11 

1-357 

26,250 

840 

.08 


880 

.06 

1.363 

28,870 

920 

.05 


31,500 ' 

960 

•05 

1.368 


Q 

Simpson's nils gives area for even Intervals only. 
b By extrapolation • 






TABU ST 


03 


THE 5 TCJCTI 0 H AGA 333 T z FCE MBTKffiOIOGICAL DATA U (WIST ATMOSPHERE) 


Altitude, 

(ft) 

Temperature, 

T 

(°c) 

(cm) 

*3,000 

(cm) 

%000 

(cm) 

-l* 

ID , 000 
(cm) 

*15,000 

(cm) 

*20,000 

(cm) 

*25,000 

(cm) 

*30,000 

(cm) 

0 

33-5 

0.00 

0-550 

0.752 

1.074 

1.240 

1.306 

1-350 

1.366 

1,000 

32-5 

.266 

.284 

.468 

.808 

■974 

l.o 4 o 

1.084 

1.300 

2,000 

30.2 

.425 

.125 

.327 

■649 

.815 

.881 

.025 

•941 

3,000 

29-9 

.550 

.00 

•202 

•524 

.690 

•756 

.850 

.816 

4,000 

28.8 

.660 

.110 

.092 

■414 

.^OO 

.646 

.690 

.706 

5,000 

27-0 

.752 

.202 

.00 

•322 

.488 

•554 

.598 

.614 

6,000 

24.8 

.835 

.285 

.083 

•239 

.405 

.471 

.515 

•531 

7,000 

22.5 

.902 

■352 

•152 

.172 

.338 

. 4 o 4 

.448 

.464 

8,000 

20-0 

.968 

.418 

.216 

.306 

•272 

.338 

.382 

.398 

9,000 

18.0 

1.023 

.473 

.271 

.051 

.217 

.283 

•327 

•343 

10,000 

16.O 

1.074 

.524 

■322 

.00 

.1 66 

.232 

.276 

.292 

11,000 

l 4.0 

1.118 

.568 

.366 

.044 

• 322 

.188 

.232 

.248 

12,000 

12.0 

l.l60 

.610 

.408 

.086 

.000 

.346 

■190 

.206 

13,000 

8.8 

1.190 

.640 

.438 

.116 

.050 

.306 

.160 

.176 

14,000 

7-5 

1.220 

.670 

.468 

.146 

.020 

.086 

.120 

.146 

15,000 

5-0 

1.240 

.690 

.488 

' .166 

•00 

.066 

.110 

.126 

16,000 

3-0 

1.262 

•712 

.510 

.108 

■022 

.034 

.088 

.304 

17,000 

1.0 

1.278 

.728 

.526 

.204 

.038 

.028 

.072 

.088 

18,000 

- 1.5 

1.292 

-742 

.540 

.218 

.052 

.oi 4 

.058 

•074 

19,000 

- 4.0 

1.306 

•756 

•554 

.232 

.066 

.00 

.044 

.060 

20,000 

- 5-5 

1.318 

•768 

.566 

.244 

•078 

.032 

.032 

.048 

21,000 

-9.0 

1.328 


.576 

.254 

.088 

.022 

.022 

-038 

22,000 

-11.1 

1-335 

,7^5 

.583 

.261 

.095 

.029 

.015 

.031 

23,000 

- 13*5 

1,340 

.790 

.588 

.266 

■100 

•036 

.010 

.026 

24,000 

-16.0 

1.346 

.796 

■594 

4 .272 

.306 

.040 

.004 

.020 

25,000 

-18x1 

1.350 

.800 

.598 

.276 

.uo 

.044 

.00 

.016 

26,000 

-20.5 

1-355 

.805 

.603 

.281 

.115 

•o 49 

.005 

.011 

27,000 

- 22-7 

1.358 

.808 

.606 

.284 

.118 

-052 

.008 

.008 

28,000 

-25-0 

1.360 

.810 

.608 

.286 

.320 

.054 

.030 

.006 

29,000 

- 27-5 

1-363 

.813 

•711 

.289 

•123 

•057 

.013 

.003 

30,000 

-30.0 

1.366 

.816 

•714 

.292 

.126 

— 

.060 

.016 

.00 



l 
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MELS VU 


UOCTCERAl IREADIAaDXH JOB MSTEOBO LOGICAL DA1A 33 (M)IBT A3M0SEHERE) 
(sm figs. ID and 11 .J 


(ft) 

T 

(°C) 

*0 

(cm) 

®EgO, above 
(Btu/(hr)(0q ft)) 

n 

^gO, above 
(Btu/(hr)(Bq ft)) 

^00 g, above 
(Btu/(hr)(Bq. ft)) 

^above 

(Btn/(hr)(Bq. ft)) 

0 

33-5 

0 

i*- 7 -Q 

38.3 

26.8 

112.9 

3,000 

29-9 

.550 

36.8 

36.0 

25-7 

90-5 

5,000 

27.0 

•752 

30.1 

34.5 

25-0 

89. 6 

10,000 

16.0 

1.074 

18.1 

28.6 

2JM 

68.8 

15,000 

5-0 

1.240 

9-48 

23-5 

19-3 

52.28 

20,000 

- 5-5 

1.318 

4.64 

19.7 

16.8 

41.14 

30,000 

-30 .0 

1.366 

0 

13.0 

11.6 

24.6 


z 

(ft) 

T 

(°c) 

*0 

(cm) 

%gO,belov 
(Btu/(br) (sq. ft)) 

%gO,balov 
(Btu/(hr)(0q. ft)) 

®00g,belo'jr 

(Btn/(hr)(sq. ft)) 

0 earth 

(Btu/(hr)(eq ft)) 

®belovr 

(Btu/(bx) (sq.ft)) 

0 

33-5 

0 

0 

0 

0 

154.1 

154.1 

3,000 

2 9-9 

■550 

34.4 

36.0 

25-7 

55 

151.1 

5,000 

27-0 

■752 

38.1 

34.5 

25.0 

48 

145-6 

10,000 

16.0 

1.074 

42.6 

28.6 

22-1 

35 

128.3 

15,000 

5-0 

1.240 

43.4 

23-5 

19-3 

27.5 

H3.7 

20,000 

- 5-5 

1.318 

42.6 

19.7 

16.8 

22.5 

101.6 

30,000 

- 30 .0 

I.366 

42-0 

13.0 

11.6 I 

19.0 

85.6 
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TABLE V TTT 


GO 

c» 


RADIO SOHDE MCA FOR MEEE0E0IDGICA1 DATA HI (DRY ATMOSPHERE) 


Altitude , 
% 

(m) 

Temperature, 

T 

(°o) 

PreBBure, 

P 

(mb) 

Relative Humidity 
(percent) 

8 

- 24.4 

1024 

94 

230 

- 23.5 

994 

94 

360 

-19.9 

978 

84 

510 

-19.1 

958 

69 

8lO 

-20.1 

919 

62 

1 , 5*10 

- 23-5 

832 

66 

2,310 

-27.0 

747 

92 

2,520 

-27.0 

726 

88 

3,330 

-31.6 

648 

88 

4 ,l 60 

>35.4 

576 

88 

5,150 

-41.5 

499 

88 

6,6M 

-51.5 

4 oo 

88 

7,540 

-56.3 

346 

88 

7,800 

- 57-1 

332 

88 

8,560 

”61.3 

294 

88 

8,970 

-62-1 

276 

88 

9,26o 

-61.6 

263 

88 

9,800 

-56.8 

241 

88 

12,090 

- 50.3 

169 

88 

13,510 

- 44-5 

136 

88 

14,080 

- 43.9 

225 

88 
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'PflTff.H! H 


HOaTOFSAl IRRADIACTOT FOB MaTBOBOIOCTCAI MCA HI (EHT ATM3S5EKRB) 

[see fig. J27j 


(ft) 

I 

(°0) 

*0 

(cm) 

^HgO,abore ■ 
(Btu/(hr)(0i ft)) 

^HgD, store 
{Btu/(br)(eq ft)) 

Cr 

00g,atore 
(Btu/(br)(fl4 ft)) 

^abore 

(Btu/(hr)(s 

0 

-24-4 

0 

9-45 

04-3 

12.7 

. 30*45 

3,000 

-20.5 

.060 

6.94 

15-3 

13-5 

35-74 

5,000 

-22 "7 

.087 

5.52 

14-5 

13.0 

33-02 

JO, 000 

-30-0 

-l40 

2.46 

13-0 

U.6 

27-06 

15,000 

-38-0 

.lfi3 

.00 

11.3 

10.1 

22.20 

20,000 

-48.0 

.171 

•30 

9.6 

8.4 

18.30 

30,000 

-62. 0 

•175 

0 

7-5 

6-3 

13-8 


(ft) 

T 

(°C) 

*0 

(can) 

t 

%gO,telo¥ 
(Btu/(hr) (sq. ft)) 

If 

G Hg0,telow 
(Bbn/(kr)(sq. ft)) 

a C0g,telov 
(Btu/(br) ( b«i ft)) 

®earth. 

(Btu/(hr) (aq. ft)) 

®belcrsr 

(Btu/(br)(sq. ft)) 

0 

-24.4 

0 

0 

0 

0 

67.O 

67.0 

3,000 

-20-5 

.060 

4-39 

15-3 

13-5 

39-0 

67.8 

5,000 

-22.7 

.087 

6.29 

14.5 

. 13-0 

37-0 

64-5 

10,000 

-3P-0 

.140 

8-34 

13-0 

11.6- 

31-0 

55-6 

15,000 

-38.O 

.163 

9-04 

11.3 

10.1 

26-0 

47.4 

20,000 

-48.0 

-171 

9.18 

9-6 

8.4 

21.0 

39-0 

30,000 

-62,0 

•175 

9-2 

7-5 

6.3 

15.0 

28.8 
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TAKES Z 


8 


RADIOSONDE DATA FOR MEEEDROIOGICAl DATA I 
(MILD ATMOSPHERE) 


Altitude, 

z 

w 

Temperature, 

T 

(°C) 

Pressure, 

P 

(mb) 

Relative 

humidity 

(percent) 

0 

9 

1013 

8o 

1,000 

9 

900 

6o 

2,000 

8 

794 

50 

3,000 

— 

700 

42 

4,000 

-5 

6i4 

37 

5,000 

— 

541 

32 

6,000 

-15 

474 

30 

8,000 

-27 

352 

27 

10,000 

-40 

262 

24 

12,000 

-50 

193 

23 
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HABIB n 


HOCTUHFAL IHRADIAIIOTJ TOR MHESOBOIOSECAl DATA I (HEID jmCSEEBES) 


[See fig. 13-] 


z 

(ft) 

T 

(°C) 

*0 

(cm) 

®Hg0,a3»are 
(Btn/(hr) (Bq ft)) 

fl 

above 

(Btu/(hr)(sq ft)) 

G C0g,aboYe 
(Btu/(hr)(sq ft)) 

®above 

(Btu/(hr)(eq ft)) 

0 

15.6 

0 

40-3 

28.3 

22.0 

90.6 

3,000 

9-0 

.700 

27-6 

25-4 

20.2 

73-2 

5,000 

5-0 

• 945 

20.65 

23-5 

19.3 

63-45 

30,000 

-5-5 

1-237 

a .59 

19-7 

16.8 

45.09 

15,000 

-15.0 

1-326 

2.84 

16.7 

14.7 

34.24 

20,000 

-24.0 

1-354 

.82 

34-4 

13.8 

29-02 

30,000 

-41.3 

1.362 

0 

11.4 

9-5 

20.9 


1 

(ft) 

— ■ ■ 1 
T 

(°c) 

(cm) 

(Btu/(kr)(sq ft)) 

ir 

^B^Ojtelor 
(Btu/(hr)(Bq ft)) 

G C0 2 , below 
(Btn/(hr)(aq ft)) 

®earth 

(Bta/(hr)(Bi ft)) 

^below 

(Btu/(hr)(eq ft)) 

0 

15.6 

0 

0 

0 

0 

123.2 

123.2 

3,000 

9.0 

.700 

31.0 

25.4 

20.2 

37 

H3.6 

5,000 

5-0 

.945 

33-9 

23.5 

19.3 

32 

308.7 

30,000 

-5.5 

1.237 

36.45 

19-7 

16.8 » 

23.3 ' 

96.25 

15,000 

-15.0 

1.326 

35-7 

16.7 

14.7 

19.0 

86.1 

20,000 

-24.0 

1-354 

36.0 

14.4 

13.8 

16.0 

80.2 

30,000 

-41-3 

1.362 

35-4 

11.4 

9.5 

13-0 

69-3 
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, Btu/(hr)(sq ft)(cm) 
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1.5 
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Temperature, °C 
Figure 5.- Radiation chart V. 
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45 



Pressure , lb/ sq. in. 


.00 


201 


function 



Figure 8.- The function hi and temperature T against altitude z. (For meteorological data n; 

see tables IV and V.) 
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, Btu/(hr)(sq ft) (cm) 
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- Area under this curve gives G ' 

H^O, below 

for z n = 5000 feet 

'll 1 1 j i lii 

.Area under this curve gives G,', ^ , 

H^O, above 

| [ for z p = 5000 feef I I I 




^NACA. 


.5 1.0 

, cm 
P 

Application of radiation chart I. (For meteorological data n 
see. table VI.) 
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49 



Figure 10.- Components of nocturnal irradiation G for meteorological data E. 

(See table VII.) 
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Altitude, z, ft 

Figure 11.- Nocturnal irradiation G as a function of altitude z 
for meteorological data II. (See table VII. ) 


Irradiation, G, Btu/(hr)(sq ft) 
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Figure 13.- 


Nocturnal irradiation G as a function of altitude 
for meteorological data I. (See table XI.) 


z 



Irradiation, G, Btu/(hr)(sq ft) 
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Altitude, z, ft 

Figure 14.- Comparison of G ga s, below ^ G earth for meteorological 

data n. (See table m.) 
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(See table m.) 
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Altitude, z, ft 




Saturation pressure, lb/sq in. abs. 


56 


NACA TN No. 1454 


Temperature, °C 



Figure 17. - Saturated vapor pressure against temperature. 

(See table n. ) 


Saturation pressure, lb/sq in. abs. 




